1'9/*

MR No. E5F26

"2

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICSsmi="

WARTIME REPORT

ORIGINALLY ISSUED
June 1945 as

Memorandum Report E5F26
NITROUS OXIDE SUPERCHARGING OF AN AIRCRAFT-ENGINE CYLINDER
By Max J. Tauschek, Lester C. Corrington
and Merle C. Huppert

Aircraft Engine Research Laboratory
Cleveland, Ohio

VWASHINGTON

NACA WARTIME REPORTS are reprints of papersoriginally issued to provide fapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Scme of these reports were not tech-
nically odited. All have been reproduced without change in order to expedite general distribution.

E-199




3 1176 013564 1751

1IACA I'R No. EbF26

HATIONAL ADVISORY COLFITTEE FOR AERONIUTICS

MEJSORANDUM REPORT

for the
Air Technlcal Sorvice Command, Army Air Foroces
FITROUS OXIDE SUPERCHARGING OF AN AIRCRAFT-ENGINE CYLINDER

By l'ax J. Tauschek, Lestor C. Corrington
and llorle C, Huppert

SUMMARY

An invostication wvas madc to determine tho performance of
an aircraft-engine cylinder using nitrous oxlde to provido ad-
ditional supcrcharging. Singlc-cylinder tests wore conductcd
at constant manifeld prossure in ihich nitrous oxldo was addod
as a gas to the inlot air to provido cxtra suporcharging.
Detorn:inntions woro mado of tho offects of this mothod of suncr-
charping on povior output, oylinder-head tomperaturo, and fucl
consumption; and en ovaluation wac made of mothods of cooling
tho oylindor vhon usin; nitrous oxide. .ddiltional tosts voro
conductod to find tho cfl'cets of nitrous oxido suporcharging on
tho knock limits 1hcn usinz 28-R and 33-R fuels. Calculations
woro madc using thesc datn to ostimato the effecct on ongine per-
formence of injeeting tho nitrous oxido into the induction
systam as a liquid.

Thc rosuits of tho tests and calculations aro summarizod
as folloi's:

Inj.ction as a gas (tost rosults):

1. With constant manifold prossuro, thc nitrous oxido in-
croased tho powor output about 14 porcont on an indicated basis
at a nitrous oxide-air ratio of 0.1l; this increasc amounted to
asout 25 porccnt at a ratio of 0.2.

2. The knock-limited povor output was incroasod about 9
porcont on an indicatcd basis with a nitrous oxido-alr ratio of
0.1 and ebout 17 porcont with a nitrcus oxido-air ratio of 0,2.
Tho knock=limited manifold pressuro was docreasod about 2 per-
cont and 4 percent, rospectivoly, for ‘thcsc ratios.



2 N.C.i MR Ho. EBF26

3. Incroasing tho oxygen concentration in tho chargo by the
addition of nitrous oxido inoreased tho flame specd, rosulting in
dooroasod velues of optimum spark timing. This effoct was os-
poclally notable at oxtromely rich fuel-oxygen ratios.

4, Thc uso of nitrous oxide rosulted in abnormally high
cylinder-head tumperaturcs. Then knock is not a limitation, thouse
tanperatures can »e controllod to bost advantago by tho uso of
mizturo onrichmont. Whor knock 1is a limitation, -tho uso of water
or watcr-nloohol injoction may bo proferablc.

Injoction as a liquid at -128° F (calculated rosults):

1. The nitrous oxide Tould lowor the inlot-mixture tempora-
ture to such an oxtent vhon injucted as a liquid that poor mixture
distribution may rosult unless spocial mcens aro provided to pro-
vont thls difficulty. When mixturc distribution is not a proolaem,
calculations indicute that the liquid nitrous oxidc would inorcaseo
tho indicatod powir output about twice as much as with gascous in-
joction for a givon manifold pressurc.

2. Calculations end tcst daeta show that thc lowored mixturo
tomperatures brought about by injecction of nitrous oxide as a
liquid should causoc tho lnock-limitod indicatod powor output to
bo somcwhat .lowur thawu that obtained with gasoous injcetion at a
fuol-oxygon ratio-of 0,410, At richor fucl-oxygun ratios, how-
cver, the knock-limited power was incroamsed as tho mixturo teme-
poraturo was lowered.

IRTROCUCTION

A numoer of investigations have beon conducted to dotcrmino
the cffoctivencess of oxygen supurcharzing of military aircraft
cngincs, particularly for momontary bursts of powor at high alti-
tudes, (Soo refcroncos 1 end 2,) Tho tusts of roforonce 1 showod
that, although the addition of oxygon supplicd considorablo oxtra
poiicr, the offoct on tho knock limit and on engino tomperaturcs
was dotrimontal unless largc quantities of intornal coolants vcro
injocccd. .

Rcecontly tho Jir Techniecel Sorvice Cormand, Jrmy . ir orcos,
roqu.stod the N.AC.L to conduct tcsts using nitrous oxido to provide
additional oxygen for supcrcharging. Data obtainod from the rmy
2r Forcos indicatcd that this acompound iras selectcd in an attempt
to obtrin tho benefits oi' oxygen suporcharginhg without incurring
any roduotion of tho knock limit. It was undorstood that the
tosts should bo applicablc insofar as possiblo to thc in~line
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liquid-cooled engine with a 1650-cubic~inch displacement installed.
in a pursuit eirplsne,s Inasmuch &8s no single-cylinder setup of

the" 1650=cublc~inch displacement engine was avallaeble, the tests

were conducted on a single~cylinder setup of en in-line liquid-
cooled engine with a 1710-cublc-inch displacement, The compression
ratio of the 1710 cylinder was adjusted to that of the 1660
oylinder; othér operating conditicns were selected to correspond

as nearly-as poasible*to those of the 1650 englne, .

The tests were conducted at the CIeveland Laboratory of the
HACA during the early part of 194bo

FUELS AND LATERIALS

Two fuels, 28-R (grade 100/130) and S3-R (grade 115/145),
were used in the tests. The A.S.T.M. dis#illation curves, f'or these

fuels are shown in figure 1l,

The nitrous oxide used in the tests was obtained commercially
and was indicated to be at least 98 percent pure; the impurities
in the nitrous oxide iere mostly free nitrogen. The normal
boiling point of nitrous oxide is ~128° F end the vapor pressure
at 7Q° F 1s about 760 pounds per square inch absolute. Complete
data on the varlation of wvapor pressure wlth temperature are shown
in figure 2, which wes plotted from data given in reference 3, page
48, Other pertinent thermodynamic date for nitrous oxide, obtained
from references 3, 4, 5, and 6, are presented in table I,

Extrapolation of the vapor-pressure curve (fig. 2) to the
fusion temperature of -=152.3° F for nitrous oxide %ta ble I)

indicates that the fusion temperature will equal the saturation
temperature at a pressure of about 7 pounds pédr square inch absolute.
Nitrous oxide cannot therefore be kept as a liguid unless it is

under e pressure grester than 7 pounds per square inch absolute; if
the nitrous oxide is kept as a liquid by self-refrigeration some
precautions are necessary to prevent freezing,

Some of the tests were conducted using two internsal coolants,
water and a mixture of BO-percent water and S50-percent ethyl
alcchol by volume. The othyl alcohol was denatured with b-percent
methyl alcohols The engine was cooled with a mixturoc of 30-percent
ethylene glycol and 70-percent water by wolght end was lubrilcated
with Navy 1120 oil,

APPARATUS

Enfine. - The tests were ocoriducted on a single-cylinder setup
of a multiocylinder block mounted on a CUE crankoase. Cylinders 4,
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6, end 6 were used to obtain the date for this report. A description
of this engine is given in reference 7.: .

A piston providing a compresslon ratio of 6,0 and equipped
with a chrame-plated keystone top ring was Installed in the engine,
Because of the high temperatures encountered during the tests,
Niochrome-coated exheust velves and eoddwoperating spark’ pluga were
used to otrold prelgnition. .

Nitrous oxide metering aEEaratus. = A diagrammatic sketch of
the nitrous oxide system used wit o test englne is shown in fig-
ure 3, Tho nitrous oxide tenks were inverted in order that the
liguid would drain from them first, The nitrous oxide passed from
the tanks through an expansion valve, which also regulated the flow
rate, and into an eveporator where any remaining liquid was vaporized,
The gas was then plped through a metering orifice and into the
combustion-air surge tank,

Induction systems, - The combustion air was taken from the
central laboratory system and passed through a pressure-regulating
valve; a measuring orifice, and an electric heater before entering
the surge tank, In this tank, which had a oapaclty of about 18
ouble feet, the nitrous oxide end the combustlon alir were mixed.
At the exit of the surge tank the fuel and the intermal occolents
(when usod) were admitted to the mixture. The mixture then passed
through the vaporization tank and to the engine-inlet port. The
vaporization tenk was equipped with soveral inclined baffles to aid
in providing a homogeneocus mixture of fuel, internal coolant,
nitrous oxldo, and air,

Instrumentations - Thin-plaete orifices, installed 1n accordance
with A.5.H.E, stendards, were used to measure the flow rates of the
nitrous oxide and the combustion alr, The differontial pressures
across these orifices were measured with wator manometers. A Bourdon
gago moasured the pressure before the nitrous oxide orifice and a
merocury manometor measured-the pressure before the carbustion-air
orifico, Tho fuel=flow rate and the intermal-coolant flow rate
wero measurod with callibrated rotamotors,

All tempersastures wore measured with iron-constantan thermo-
couples connectoed to a self-balancing potontiomoter. Tho cylindor-
head thermocouple was located between the cxheuste-valve seats in the
position indicated in figure 4.
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DEFINITION OF TERMS

" Nitrous oxide-air rstio, - Because the nitrous. oxide was used
to supplement the air in supporting conbustion, it was decided that
the nitrous oxide flow should be expressed as a funotion of the air
flow, For this reason the term "nitrous oxide-air ratio" (ratio of
mess rate of flow of nitrous oxide to mass rate of flow of air) was
selected to desoribe the nitrous oxide flow, The use of this dimen=-
sionless ratio facilitates the oomparison of data obtalned at differ-
ent engine oonditions. e .,

‘Fuel-oxygen ratide- The oommonly-used term “fuel-a.:l.r ratio"
oannot be used to désoribe adequately mixture strength when there
is introduced some material that also supports combustion. The
term "fuel-oxygen ratio" (ratio of mass rate of fuel flow to mass
rate of oxygen flow with the oxygen in both the air and the nitrous
oxide considered) has therefore been used throughout the report to
desoribe mixture strength, Four values of fuele-oxygen ratio have
been used inh this investigation. With no nitrous oxide flow the
fuel-air ratios equivalent to these fuel-oxygen ratios are:

Fuel-oxygen ratio Fuel~air ratio
0,410 0,095
2453 «105
495 0116
0539 0125

Optimum spark timinge - As used in this report the term
"optimum spark timing" refers to the spark timing giving maximum
power at constant manifold pressure for a given set of operating
conditions,

Internal coolant~nitrous oxide ratlos - In the course of the
investigation 1t was found that the use of nitrous oxide caused
abnormelly high cylinder temperatures., Because the amount of extra
cooling required to limit these cylinder temperatures depcnds on the
nitrous oxide flow, this extra cooling should be expressed as a
function of nitrous oxide flow, When internal coolents were used to
provide this extra cooling, the term "internal coolant-nitrous oxide
ratio" (ratio of mass rate of intermal-cocolant flow to mass rate of
nitrous oxide flow) was used as a measure of the smount of internmel
coolaent supplied to the charge.

Rgtio of supplemental fuel %o nitrous oxide. - During a part of
the investigation some data wore obtalned at rich mixtures to find
the effeot of mixture enrichment on cylinder cooling. 1In order to
make those results comparable with the results of tests using
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internel coolents, the amount of mixture enrichment was expressed .
by the term "ratio of supplemental fuel to nitrous oxide." The
supplemental fuel refers to the mass rate of fuel flow greater than
that required for the basic fuel-oxygen ratio of 0.410,

TEST PROCEDURE

Throughout all tests the follwoing operating oonditions were
maintained;

E.'ng:Lne speed, rpm........'..................................-..-.3000
Comprossion ratioesessesssssssscosvsssescssasssonssssessscsnsnn 540
I.'D.let-Oil 'l:qmpcra.ture, oF.o.o-oo-oooo.-aooooo.qoooooooo.noouco. 185
Outlet-coolant _tempera'!_:ure, CFasssessscescusessesssecansanscsss 250
Coolaent f{low, gallon.s per minuteoooo..oooc--s.oo-'ooo--ooo.o_o-oo 120

The nitrous oxide was injetted as a gac for all tests, For
each tost the temperature of the inlot air upstream of the fuol and
internal=coolant nozzles was edjusted in order to obtain the desired
inlet-mixture temperature at the cylinder port without nitrous
oxido, When the nitrous oxlde was injected the mixture of nitrous
oxide and air was heated to the temperaturoe required for gir alone,
Because additiopal fuel was required to maintain a constent fuel-
oxygen ratio with nitrous oxide supercharging, the mixture temper-
ature at the cylinder port deoreased slightly as the nitrous oxide
flow was inoresseds .

Test with constant maenifold pressures - The, tests with constant
menifold pressure were run with a certaln basic operating condition
from which cach basic variable (except mixture temperature) was
separately chenged to dotermine tho offects of nitroua oxide supor=-
charging on engine porformance at various operating conditions. The
following table shows tho basioc variables and the valuos used when
conditions other than the baslec were tested,
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Varia.ble . Basilc ) Values used
e o value :

ManIfold pressure, in Hg ) i

absolute . 60 50,50, 70
Fuel-oxygen ratio . 0.410 80,410 (0,096), 04463 (0,106)
) ' - 0,496 (0,116), 0,639 (04126)

Spark timing, deg B.T«Ce

o - ——  — e & Suy —

Inlet 28 14-562
Exhaust ) 34 20-68
Hixture temperature, OF 160 150
(with no nitrous oxide
flow) ' o
Internsl coolent-nitrous | 0 0, 0,25, 0,50

oxide ratio '
i L

8alues in parentheses indicate the borresponding fuel~alr ratio
with no nitrous oxide flow,

For all except the spark~timing tests, the nitrous oxide flow
was the independent variaeble, For the spark-timing tests the nitrous
oxide-alr ratio was held constant while the spark timing was varied
through the dosired range.

The fuel used for all the tests with coustant manifold pressure
wag 33-Ro

Enock-1limit tests. - Tests wore run to determine the effect of
nitrous oxide I low on the knock™limit with 28=R and 33«R fuols,
Both fuels were tested at the basic operating conditions (except
menifold pressure) noted in the table for the constant menifold-
prossure tests, In addition, knock tests were run vith 33=R fuel
with an enriched mixture (00,498 fuel-oxygen ratio) and with a
lowered mixture temperature (approx. 60°F), Kitrous oxide flow
was the independent varlable for the knock tests,

RESULTS AND DISCUSSION
Results of Tests with Nitrous Oxide Injected as a Gas

Effect of nitrous oxide supercherging at constant manifold
pressurec - rigure o shows the variation of Indlcated mean
eflective pressure with nitrous oxide-alr ratio for constant
manifold pressures of 304 50, and 70 inches of mercury absolute,.
The percentage increases in indicated mean effective pressure for
various nitrous oxide-slr ratios are presented in table II for a

‘menifold pressure of 50 inches of mercury sbsolute. These date show
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that the power output increased almost linearly with the nitrous
oxide-air ratio, A nitrousmide-eir ratio of 04l resulted in an
inorease of about 14 percent-in power output and a ratio of 0.2
resulted in an ‘inérease of about 26 percents The percentage

" values varled only a small emount with maenifold pressure, becoming
slightly less @s the manifold pressure wes increased.

In figure. 6 the oylinder-head temperature is plotted as a
function of indiceted mean effective prossure for these seme testse
Thé inerease in the cylinder-hced tempereture was conslderably
greater for a given increase in power output with nitrous oxido
supercharging than with alr supercharging., This effect caused con=-
sideraeble trouble with preignition at the highor outputs until
colder-operating spark plugs were installed, This rapldly rising
cylinder-head temperature is probably caused by higher equilibrium
fleme temperatures assoclated with the increased oxygen concentre-
tion in the charge. ° _

Effect of. nitrous oxide superchar on the knock linit, = The
knock=limited performence of' 28-R an -R fuels with nitrous oxide
supercharging is shown in figure 7., With both fuels the knock=
limited power output was incrensed when nitrous oxide was injected
whereas the lknock=limited manifold pressure was deoreased. With a
nitrous oxide-air ratio of 0,1 the knock-limited indlcated mean
effective pressurc was increased ebout 9 percent for both fuels with
e decrease in knock-limited manifold pressure of about 2 perceont;
with e nitrous oxide-air ratio of 0.2 the increasc ln knock-limited
indicated meen offoctive pressure was about 17 percert with a
doorease in knock-limited menifold pressure of about 4 peroont,

Data similar to those shown in figure 7 were obtalned at a
richer mixture (0,495 fuel-oxygen ratio) and at a lower inlete=
mixture temperature end ere plotted as a function of I1nlet-mixture
tamporature in figure 8, Straight lines wero drawn betwecn the
points bocausc only two mixturc tomperatures were toested for each
fupleoxygen ratio. Horo again the knock~limited indicated moan
effootive pressurc was raised and the knock-limited manifold pres-
sure was lowercd as tho nitrous oxide-air ratio was incroeasod for
all engine conditions tested. As the mixture temperature was
lowered with the losner fuel-oxygen ratio, tho presonce of nitrous
oxide caused tho knock=limited power output to be also lowered; with
the richer fuecl-oxygon ratio the injoction of nitrous oxide caused
the kmnock-limited power output to incregse. as the mixture tempera=
ture wes lovered, These facts are important in estimating the
effoct on engine performence of injeoting nitrous oxide as a liquid,
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Spark-timing requirements with nitrous oxide supercharging, =
.The_ resultsggfrtests fo determine optimum spark timing with varying
peroentages ‘of nitrous oxlde at two fuel-oxygen ratios are pre-
sented in figure 9; figure 10 shows optimum spark timing as a funce
tion of the nitrous oxide-asir ratio, It will-be noted that in all
ocases the optimum spark timing was retarded as the percentage of
nitrous oxide in the charge was increased; this effect became more
pronounced as the mixture was enriched, The rioher fuslwoxygen
ratio tested (0,496) is near the limit of inflemmebility for fuel~
air mixtures and consequently rodquired a lerge ignition advanoce to
oompensate for the resultant low flamc speod., Inoreasing tho oxygen
concontration in thé ocharge by the addition of nltrous oxide
increases the fleme specd and permits optimum oporation at a much
more retarded spark timing,

The fuol consumption was reduced approciably with the addition
of nitrous oxidos (See fig., 9¢) This doorease is probably caused
by two effects: (1) Nitrous oxide has a positivo heat of formation
(teablo T) end thorefore liborates energy as it dissociatos in the
canbustion chamber, and (2) the incroased concontration of oxygon
in tho chargo causos highor equilibrium flame temporaturos, which
incroase the onginc officioncy,

Effeot of internel cooling in conjunction with nitrous oxide

suporcharginge - From tho rosults of tho tests at constant manifold
pressuro and from tho knock tests, it appears that tho mein problem
assoclated with the uso of nitrous oxido for oxtre supercherging

is cylinder cooling. For thils roason tosts woro run to detormino
tho effoots of mixturo enrichmont (internal cooling with supplemontal
fuel) and of intornal cooling with wator and water-alcohol on the
oylinder-hoad tomporeture. Tho roesults of tests at constant mani-
fold prossuro to dctorminoc the offoots of supplemental fucl as a
means of cooling are presented in figuro 1l. Thesc date show that
as the nitrous oxlde-air ratio was increased the loss in power
causod by enriching the mixture boceme less wmtil at a high nitrous
oxlde=alr ratio tho mixturc could be greatly enriched with no loss
in powor, At the sdme timo the cylinder~head temperature was con-
sidorably lowored by mixture enriochment.

Somo of those data wero replotted in figuro 12 with cylinder-
head temporature as a function of indicated mean effoctive prossurej
tho ocurves for supplomontal fuol were obtained from the data of fig- .
ure 1l by interpolation. Tho dashed line represonts tho oylindor-
hoad temporatures oncounterod with eir supercharging et a fuol-
oxygen ratlo of 0,410, If thoe cylinder-head temperature oncounterod
with ailr suporcherging cen be tolorated for the desired ineroaso in
powor output, then the smount of supplomontal fuel required to limit
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this tempera.ture to tho air-supercharging value when using nitrous
oxide - supercharging will be about 10 porcent of the nitrous oxide
flow, If the oylinder=head temperature cannot bo allowsd to exoed
" tho original value at tho power lovol at which nitrous oxide injec=
tlon vras bogun, the emount of supplamontel fue]l. required will be
about 20 poroont of the nitrous oxido flow,

Deta aro shown in figu.re 13 for intcrnal oooling with water and
‘watcr-alcohole For the intormediate intornal coolant-nitrous oxide
ratio (0.25) both of thoso intornal ecolants rosulted in a very
8light inorcaso in powor as comparod with tho slight decroase noted
for cooling with supplomontal fuol., The lovoling of the mixturoc-
temporature curves in figure 13 indicetes saturation of tho mixture
with tho internel coolents, Data from figure 13 worce replotted in
figure 14 with cylinder-hoad temporaturo as a function of indicatod
moan effootivo prossure, With both of tho ocoolants (wator aend wator-
. alecohol) tho rato of flow requirod to limit the tomporaturc to that
obtalnod with air suporcharging was about 26 porcont of tho nitrous
oxido flow as camparod vith the 10 pcreent proviousiy montioned for
cooling with supplomontael fuole In order to limlt tho cylinder-hcad
tomperaturo to tho original valuo at tho power lcvol vhoro nitrous
oxido injootion was bogun, it appoars thet tho flow of oithor water
or wator-alcohol tould have to bo about 40 porcont of tho nitrous

. axlde flow, Tho corrosponding flow rato for supplumcntal fuol in

thls caso was 20 porconte.

Tho rosults Just mcntiopod show that tho amount o.f: supplecmonta.l
fuol roquircd for cooling tho eylindcr with nitrous oxido supor-
charging was less than half tho roquirod emount of oithor wator or
wator=-nlooholes It has also boun shovmn that tho effoct on povior out-
put was small for any of theso mcthods of intormal cooling, Whon
knock is not a limitation tho usu of mixturo onrichmont is prcfcer-
ablec to wator or wator-alecochol injoction if tho nitrous oxido flow
- reto is such that cxtra cooling is rcquirod, Thon knock is a limiw
tetion, howevor, it mey bc noccssary to rosort to wator or wator-
alcohol injcotion bocauso mixturo onrichmont doorcasod tho knmook
limit at thoso low mixturc tamporaturos, (Sod fig. 8)

Estimation of Rosults with Nitrous Oxidc Injocted as a Liquid

Power output at constant manifold prossurc, = In a multicylindor
ongino tho nitrous oxldo would prooasbly bo injected into the induc-
tion systom as a ligquld rathor then as a ges becausc of tho compara=-
tivo simplicity of tho liquid systom and becauso of tho charge
cooling obteinod by tho cveporabion of the liquid, For this reason
caloulations woro made to ostimate the power output that would be
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obtained at constant manifold pressurs with nitrous oxide injected
es a liquid at its normal boiling point (=~1280F), The methods used
in making these calculations eppear in the appendix,

Figure 16 and table III show the power output that could be
obtained with liquid nitrous oxide injection as compared with the
power output obtained with gaseous injection at constant manifold
preesure, 1t appears from figure 15 that the lnorease 1n power out-
put obtained by liquid inJection would be about double the increase
obtained by gaseous injection at all valves of nitrous oxide-air
ratio, The nitrous oxide, hovever, lowers the inlet-mixture temperw
ature so much when injected in thils manner that little of the fuel
would be vaporized at the time of Ilnduction into the oylinder, which
would probably lead to mixture-distribution difficulties with the
multicylinder engine, If extremely high nitrous oxide-air ratios
were used (above 0,2) the mixture temperature might even be lowered
8o much that the use of water injectlon for cylinder cooling would
cause lcing in the induction system. The best solution for these
difficulties would be to Inject the nitrous oxide into the intake
manif'olds as near as possible to the individual cylinder ports,

The desirable feature of higher charge-air density (due to lower
mixture temperature) would be partly lost because of lack of time for
complete vaporization and mixing before induction into the cylinder;
this loss would be compensated for in some measure, however, by the
high density of the liquid nitrous oxide entering the cylinder,

Knook-limited power output. = The lowered inlet-mixture temper-
atures brought about by 1njeotion of the nitrous oxide as a liquid
would be of doubtful value where the knock limit is concerned.
Figure 8 shows that at the basic fueleoxypgen ratio of 0,410 the pres-
ence of nitrous oxide caused the knock-limited indlcated mean effec-
tive pressure to be lowered as the mixture temperature wes lowered.
These curves have been used for determining the values of knock-
limited indicated mean effective pressure with ligquid nltrous oxide
injection given in table III. (Seo the appendix for methods used in
meking these determinations,) On the basis of these ocurves and the
information in table III 1t is seen that the nitrous oxide would
Inorease the knock-limited power only about half as much with liquid
injection as writh gaseoous injection, If mixture enrichment is used
to limit the oylinder temperatures whon using nitrous oxide, this
situetion mey be changed to some extent because figure 8(b) shows
the knock-limited power at a richer mixture (fuol-oxygen ratio of
0.495) to be increased as the mixture tomperature is lowered.
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SUMMARY OF RESULTS

The results of the tests and calculatlons to investigate the
possibilities of using nitrous oxide for extra supercharging at high
altitudes are summarized as followss

Injection as a gas (test results):

l, With constant manifold pressure, the nitrous oxide inoreased
the power output ebout 14 poroent on an indlcated basis at a nitrous
oxide-alr ratio of 0,13 this increase amounted to about 25 percent
at a ratio of 042,

2, The knock~limited powor output was lnoreased ebout 9 perocent
on an indicated basis with a nitrous oxide-anir ratio of 0.1 and
about 17 percent with a nitrous oxide-air ratio of 0.2, The kmock-
limited manifold pressure was decreased ebout 2 porcent and 4 per=-
cent, roespectively, for these ratilos,

3« Incroasing the oxygen concentration in the charge by the
addition of nitrous oxide increescd the flame speed, resulting in
decroascd values of optimum spark timing, Thls offect was especially
notable at extremely rich fuel-oxygen ratios. '

4, The use of nitrous oxido resulted in abnormally high cylindor-
head temperatures. Then knock is not a limitation, those tempera-
tures can be oontrolled to best advantage by the use of mixture
enrichment, When knock is a limitation, the use of water or water=
alocohol injection may be preforables

Injootion as a liguid at -1289F (caloulated rosults):

1, The nitrous oxide would lower the inlct-mixturo tomporature
to such an oxtent whon injected as a liquid that poor mixture distri-
bution may rosult unless spcclael means are provided to pruvent this
diffioulty, When mixturo distribution is not a problem, calculations
indicate that the liquid nitrous oxideo wviould increase the indicatoed
power output ebout tvice as much as with gasoous injection for a
given menitTold pressure,
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2, Caloulations and test data show that the lowered mixture
. temperatures brought about by injectlon of nitrous oxide as a liquid
should cause the knock=-limited indiocated ‘power output to be somewhat
lowor than that obtalned with geseous injection of a fuel-oxygen
ratio of 04410, At richer fusl-oxygen ratios, however, the knock=
limited power was inoreased as the mixture temperature was lowerod,

Airoraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, June 26, 1945,
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APPENDIX « ESTIMATION OF ENGINE PERFORMANCE WITH
INJECTION OF LIQUID NITROUS OXIDE

During the investigation made at the NACA on supercharging with
nitrous oxide, the tosts were all sonducted with nitrous oxide
injected as a gas end then heated to the temperature of the inlet
aire The usc of lliquid nitrous oxide et a low temperature, however,
would bring sbout a pronounced drop in the inletemixturo temperature
at the oylinder port and would therefors have en effect on engine
performence,

Evaluation of the ocooling effect of the nitrous oxide was first
neccssary. The ovaporation of the fuel woild probably not be coms
plete at the resulting low inlet-mixturo temperatures; data were
obtaincd to show the variation of mixture temperature wlth inlet-air
temperature in this low=temperature renge. Tne curve plotted from
these data were used in the calculetionsa

The cooling effect of the nitrous oxide was determined from the
oquetion

vhere

¥, mess rate of flow of air, lo/hr

F"I-!-O tmass rate of flow of nitrous oxide, 1b /hr
g

o5 specific heat of' air at coustant pressuras, Btu/(1b)(°F)
a

OP speciflc heat of nitrous oxicde gas at constant pressure,
120 tu/(1b)(°F)

t, initial tenpoerature of the air, OF
tN20 initial tempcraturo of the nitrous oxide, °F
'bn temperature of the-resulting mixture, °F

H"H 0 latent heat of vaporization of nitrous oxide at tempera-
2 ture +’N30’ Btu/1b
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When values of 0,24 for o 0,212 for o s 171,56 for

Pa’ Pyy0

Evnzo, 210 for t,, end -128 for "Nzo are substituted into
equation (1) and it is solved for the . the equation becomes

50e4 = 198,6 (thqlwa)

ki (2)

" 0uze+ O.z1z ("qu/"a)

where Wﬁzo Wa is the nitrous oxide-air ratio, The inlet-air
temperature of 210° F was taken from the ourve to correspond to an
inlet-mixture temperature at 150° F,

Equation (2) was used to calculate the resultant temperature
for various mixtures of nitrous oxide and air. The mixture temper-
ature corresponding to the calculated inlet-alr temperature was
determined by means of the curve previously mentloned,

The increase in indicated engine output caused by charge cooling
is dopendent upon the increase in charge density aend 1is given by the
reciproocal of the ratio of the absolute temperatures., Aoccordingly,
the increase in indicated mean elfective pressure with the use of
liquid nitrous oxide is given by

(imep), = (imep), (T, /T3) (8)

where

(1mep)z indicated mean effective pressure with liquid nitrous
oxide, 1b/sq in,

(imep)  indicated mean effective pressure with gaseous nitrous
€  oxide, 1b/sq in,

Tz mixture temperature at the c¢ylinder port with liquid
nitrous oxide, °R
fl.'g mixture temperature at the cylinder port with gaseous

nitrous oxide, °R



16 NACA MR No. EbF26

Values of (imep)g were taken from figure 5, and a mixture
temperature of 610° R was used for Tg. Equation (3) was then used

to determine the indicated mean effective pressures for liquid
nitrous oxide inJection at constant menifold pressure,

The knock-limited performance estimates were made by interpola-
tion of figure 8 at the calculated mixture temperature,
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TABLE I - THERMODYNAKIC PROPERTIES OF KITROUS OXIDE

Froperty Value Conditions Reference
float of formetion, Btu/lb 691 | Gas at 64,4° F and | 4 (p. 162)
14,7 1b/sq in.
absolute
Latent heat of vaporization, | 172,3 -130° F 3_2p‘ 483
Btu/1b 139.1 -400 F 3 (p- 48
121.4 5° F 3 (p. 48)
95.8 500 F 3 (p. 48)
Specific heat of liquid, 0.422 -125° p 5 (ppe 107-
mtu/(1b)(°F) 109)
Epecific hoat of gas at 0,212 50-86% F 5 (pp. 107-
constant pressure, 109)
Rtu/(1b)(°F)
Ratio of spocific heats 1,280 50-86° F 5 (pp. 107-
cf ras 109)
Density of liquid, 1b/cu £t 81,2 -130° ¥ 3 (p. 48)
39.1 86° F & (pe 48)
Fusion temperature, OF =15043 | ~vmmmmmence—————en—- 6 (pp. 454
455)

TABLE II - INCLEASES IN ENGINE PUWER VITH I'ITROUS O¥IDE

INJECTION AT OGNSTANI FAI'IxCLD PRESSURE

Nitrous ﬁitrous oxide Injected Nitrous oxide indeutéa
oxide- | 15 gas at 210° F . | as liquid at ~1280F
air (a)
ratio 1ngicated Percentage |Indicated |Percentago)
Ynean effeo~ irerease -Eean offec~ |increase
ive presw ive pres=
ure jsure
0.00 237 ————e————— 237 = |lemmecamaaa
206 255 8 275 16
«10 271 14 311 31l
2156 285 20 338 43
20 | 297 25 369 56
l 2256 1 307 30 406 71
Ebalcule.ted valucs, National Advisory Cormittee

for Aoronautios



TABLE III - KNOCK-~LIMITED PERFORI..NCE WITH NITROUS OXIDE INJECTION

[Fuel, 33-R; fuel-oxygen ratio, 0.U41Q]

Nitrous iNitrous oxide injeoted as gas at [Nitrous oxide injeoted as liquid

oxide- | 210° F | at -128° F
air | (a)
retio Enocks i Knocke |1_=ercentage Knock= i Knoclks Percentago
limited : limited i:-anz.'ease in | 1imited i 1imited inorease in
manifold | indioated :indicated |} nanifold: indicated |indicated
pressure , mean ef fecqmean effeo~ | progsure | mean effecjmean effec-
(in, Hg ! tive pres- .tive pres- in, Hg | tive pres- [tive pres-
absolute) | ?ur7 sure absolute) sure sure
I i (1b/eq in.) ! (1b/sq in,)
| 0,00 80e5 | 385  |memeceee-—e- 80.5 | 385
05 | 796 i 405 5 75.0 | 404 5
10 ! 78,8 I 420 9 69,1 , 415 8
' i
| 15 | 7840 436 13 | bga,5 | bg22 10
.20 i b77,0 bas2 1 R !
%Calculated values,
bErbrapolated.
Netional Advisory Committee

for Aeronautics
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pressure, 50 inches mercury absolute; initial inlet-mixture tempgrature, 150 ; compression
ratio, 6.0; fuel-oxygen ratio, 0.410; inlet-oil temperature, 185 F; outlet-coolant
temperature, 250° F; fuel, 33-R.
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Nitrous oxide-air ratilo ‘
Figure 15, = Effect of nitrous oxide-air ratio on indicated mean effectlve pressure with

liquid and with gaseous nitrous oxide injection,
appendix with data from figure 5., Fuel-oxygen-ratio, 0.%410; manifold pressure, 50 inches

mercury absolute.
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Calculated by methods descrived in
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